Although the receptor for advanced glycation end products (RAGE) has been used as a biological marker of alveolar epithelial cell injury in clinical studies, the mechanism for release of soluble RAGE from lung epithelial cells has not been well studied. Therefore, these studies were designed to determine the mechanism for release of soluble RAGE after lipopolysaccharide (LPS) challenge. For these purposes, alveolar epithelial cells from rat lungs were cultured on Transwell inserts, and LPS was added to the apical side (500 g/ml) for 16 h on day 7. On day 7, RAGE was expressed predominantly in surfactant protein D-negative cells, and LPS challenge induced release of RAGE into the medium. This response was partially blocked by matrix metalloproteinase (MMP) inhibitors. Transcripts of MMP-3 and MMP-13 were upregulated by LPS, whereas RAGE transcripts did not change. Proteolysis by MMP-3 and MMP-13 resulted in soluble RAGE expression in the bronchoalveolar lavage fluid in the in situ rat lung, and this reaction was inhibited by MMP inhibitors. In human studies, both MMP-3 and -13 antigen levels were significantly correlated with the level of RAGE in pulmonary edema fluid samples. These results support the conclusion that release of RAGE is primarily mediated by proteolytic damage in alveolar epithelial cells in the lung, caused by proteases in acute inflammatory conditions in the distal air spaces.
ALVEOLAR EPITHELIAL CELLS have several important functions, including maintaining a tight barrier, regulating surfactant production, and removing excess alveolar fluid by vectorial ion transport as well as a role in regulating intra-alveolar inflammation and coagulation (13) . Injury to the alveolar epithelium is an important feature of acute lung injury (ALI) (20, 23, 40) . For the clinical evaluation of epithelial cell injury, biomarkers of epithelial cell origin have been reported to reflect the severity or prognosis of ALI (9, 15, 19) . However, most of them are expressed primarily by alveolar type II cells, whereas alveolar type I cell covers most of the alveolar epithelial surface in the lung.
The receptor for advanced glycation end products (RAGE) is a cell surface protein that belongs to the immunoglobulin superfamily. Although the expression of RAGE was demonstrated also in the endothelial cells in large vessels and in neurological tissue, RAGE expression is most abundant in the lung (2) . In the lung, RAGE expression was demonstrated on the basal membranes of alveolar type I epithelial cells (33) . Two recent genomewide association studies for lung function demonstrated that the gene locus for RAGE (advanced glycation end products receptor; AGER) acts as one of the important determinants of pulmonary function (16, 30) . We reported that RAGE can be used as a biomarker of alveolar epithelial injury in an experimental study and in patients with ALI or acute respiratory distress syndrome (ARDS) (36) . Subsequent studies also found that plasma RAGE had prognostic value for short-term outcomes in patients undergoing lung transplantation (5, 7, 26) . Also, with use of an isolated perfused human lung model, there was an inverse correlation between RAGE levels in the samples from air space and alveolar fluid clearance in two studies (3, 14) , and our most recent clinical study reported the elevated RAGE levels in plasma had pathogenic and prognostic value in patients with ALI (6) . However, the mechanism of release of RAGE from alveolar epithelial cells has not been well established.
Therefore, the objective of this study was to study the mechanism for release of soluble RAGE in cultured alveolar epithelial cells. For this purpose, we studied whether soluble RAGE is released from cultured rat alveolar epithelial cells by lipopolysaccharide (LPS), and we examined the role of proteolysis in release of RAGE by inhibition of matrix metalloproteinases (MMPs). We also tested the hypothesis that MMP-3 and MMP-13 may play a role in release of RAGE by inflammatory stimuli using the in situ rat lung. For clinical relevance, we also tested for a correlation between the levels of MMP-3 and MMP-13 and the concentrations of RAGE in human pulmonary edema fluid samples.
MATERIALS AND METHODS

Animal Studies
All protocols were approved by the institutional animal care committee of Tokyo Medical and Dental University.
Antibodies. For immunocytochemistry, anti-surfactant protein-D (SP-D) monoclonal antibody (Acris Antibodies, Hiddenhausen, Germany) was used as a type II epithelial cell marker in this study. For RAGE expression analysis, anti-mouse RAGE polyclonal antibody (AF1179, R&D Systems, Minneapolis, MN) was used for immunoblot and immunocytochemistry. For ELISA assay of rat samples, antihuman RAGE monoclonal antibody (MAB11451, R&D Systems) was used as a capture antibody, and biotinylated AF1179 (BAF1179, R&D Systems) was used as a detection antibody. AF1179, BAF1179, and MAB11451 have cross-reactivity to rat RAGE. For MMP expression analysis, anti-human MMP-1 rabbit polyclonal antibody (no. 29574, AnaSpec, San Jose, CA), anti-human MMP-3 rabbit polyclonal antibody (BS1238, Bioworld Technology, Minneapolis, MN), and anti-human MMP-13 rabbit polyclonal antibody (Ab-5, Thermo Fisher Scientific, Fremont, CA) were used. These antibodies for MMP expression have cross-reactivity to rat MMP-1, -3, and -13, respectively. In the immunocytochemistries, a mouse IgG 1 control (MAB002, R&D Systems), a rabbit IgG control (AB105-C, R&D Systems), and a goat IgG control (AB108-C, R&D Systems) were used as negative controls for the first antibodies to exclude nonspecific staining.
Primary culture of rat alveolar epithelial cells. Primary cultures of rat alveolar epithelial cells were prepared as previously described (10) . Briefly, Sprague-Dawley rats (6 wk) were tracheostomized under pentobarbital anesthesia (40 mg/kg ip). The rats were then euthanized by exsanguination under deep anesthesia (pentobarbital 100 mg/kg iv), and the lungs were removed en bloc. After the bronchoalveolar lavage (BAL) by solution I (140 mM NaCl, 5 mM KCl, 2.5 mM phosphate buffer, 10 mM HEPES, 6 mM D-glucose, and 2 mM EGTA) and solution II (140 mM NaCl, 5 mM KCl, 2.5 mM phosphate buffer, 10 mM HEPES, 2 mM CaCl2, and 1.3 mM MgSO4), lungs were treated with elastase (Worthington Biochemical, Lakewood, NJ). The lung tissue was minced and filtrated by 140-and 30-m nylon mesh filters. Filtrated cells were centrifuged, and the cell pellet was resuspended into Dulbecco's modified Eagle's medium (DMEM, GIBCO, Invitrogen, Carlsbad, CA) and incubated on the bacteriological plate at 37°C for 1 h. Unattached cells were collected and seeded on 12-mm Transwell (product no. 3401, Corning International, Tokyo, Japan) at 2.5 ϫ 10 6 cells/well. Medium was exchanged every 2 or 3 days using DMEM containing 10% fetal bovine serum (FBS, GIBCO, Invitrogen) unless the cells were treated with experimental conditioning medium.
Immunocytochemistry. Cells on Transwell were fixed with 4% formaldehyde, permeabilized with 0.2% Triton X (Sigma Aldrich Japan, Tokyo, Japan) except in cell surface expression studies and incubated in blocking solution containing 1% bovine serum albumin (KPL, Gaithersburg, MD). After staining with primary antibody and secondary antibody (Alexa Fluor 568 donkey anti-goat IgG, Alexa Fluor 647 chicken anti-rabbit IgG, Alexa Fluor 488 chicken antimouse IgG, Molecular Probes, Eugene, OR), Transwell membranes were mounted on slides and images were obtained by confocal laser scanning microscopy (LSM510 Carl Zeiss MicroImaging) and processed by Zeiss LSM Image Browser 4.2. (Carl Zeiss MicroImaging).
LPS stimulation and MMP inhibitor studies. Primary rat alveolar epithelial cells were cultured on Transwells as described above, and medium was exchanged with FBS-free DMEM on day 5. On day 7, LPS (Escherichia coli 0111:B4, Sigma Aldrich Japan) was added to the medium of apical side at a concentration of 100 or 500 g/ml, then cells were cultured for 16 h. In some experiments, alveolar epithelial cells were cultured in DMEM with 10% FBS by day 7 of culture and LPS was added to the media for 16 h on day 7. Media from the apical and basal sides were collected separately, and each of them was centrifuged (4°C, 1,500 g, 10 min). Soluble RAGE levels in the supernatant were analyzed by immunoblot and ELISA. For ELISA, a standard curve with linear regression was created for recombinant rat RAGE-Fc chimera protein (1616-RG, R&D Systems) with correlation coefficient between 0.98 and 0.99. The quantity of RAGE released into the media was calculated from the concentration of RAGE multiplied by the volume of the media. In some experiments, an MMP inhibitor was added to medium from day 5 to day 7 to investigate the role of MMPs in the release of soluble RAGE into the medium. MMP inhibitors used in this study were MMP-inhibitor 1 (MMPI, Kamiya Biomedical, Seattle, WA; an inhibitor of MMP-1, -2, -3, -7, and -13), TNF-␣ processing inhibitor-0 (TAPI-0, Biomol International, Plymouth Meeting, PA; an inhibitor of MMP-1, -3, -9, and -13), and CL82198 (Biomol International; a selective MMP-13 inhibitor). In some experiments, cells were treated with aprotinin [A6279 without dilution (5-10 trypsin inhibitor units/ml) from Sigma Aldrich Japan] and E-64 (50 M) in place of MMP inhibitors, to study contribution of serine proteases or cysteine proteases to the RAGE release by LPS stimulation.
mRNA extraction and real-time PCR. Total RNA was isolated from alveolar epithelial cell cultured on Transwell for 7 days by silica membrane column (High Pure RNA Isolation Kit, Roche Diagnostics, Mannheim, Germany). cDNA was synthesized from total RNA by using Transcriptor 1st strand cDNA Synthesis Kit (Roche Diagnostics). The expression of MMP-3, MMP-13, and RAGE were analyzed by real-time PCR using LC480 Probe Master (Roche Diagnostics). Primers were designed as shown in Table 1 . RAGE forward AGCTTCAGTCTGGGCCTTC and RAGE reverse CAGCTGAAT-GCCCTCTGG correspond to the sequence of exon 6 and 7, which covered the extracellular domain. The abundance was standardized by comparison with the ␤-actin mRNA expression.
MMP challenge in the in situ lung model. To study whether MMP-3-or MMP-13-induced proteolysis causes expression of soluble isotype of RAGE in BAL, three experimental solutions were prepared. For MMP-3, 1) MMP-3 (0.1 g/ml, recombinant human MMP-3 catalytic domain, AnaSpec. Fremont CA), 2) MMP-3 (0.1 g/ml) with MMPI (200 M) as an inhibitor for MMP-3, and 3) normal saline. For MMP-13, 1) MMP-13 (1 g/ml, recombinant human MMP-13 catalytic domain, ProtEra, Firenze, Italy), 2) MMP-13 (1 g/ml) with a specific inhibitor for MMP-13 (60 M of CL82198), and 3) normal saline. In each set of experiments, SpragueDawley rats (n ϭ 9) were anesthetized with pentobarbital (40 mg/kg ip) and tracheostomized with 14 G cannula (Surflow, Terumo, Tokyo, Japan). The rats were euthanized by exsanguination via the abdominal aorta under deep anesthesia (pentobarbital 100 mg/kg iv), and 3 ml of the experimental solution was instilled via tracheal cannula. The tracheal cannula was then clamped, and body temperature of the animal was maintained between 36 and 37°C by infrared lamp. After a 30-min interval, BAL was done with 5 ml PBS with protease inhibitor (Halt, Pierce Biotechnology, Rockford, IL). BAL samples were analyzed by immunoblot.
LPS-induced lung injury model study. To study whether MMP-3-or MMP-13-induced proteolysis causes expression of soluble isotype of RAGE in BAL in in vivo LPS-induced lung injury model, male Sprague-Dawley rats (180 g) were anesthetized with ether, and a single dose of LPS (10 mg/kg) in 180 l of saline, with or without a MMP inhibitor [MMPI (200 M) or CL82198 (60 M)], was administered by intratracheal instillation. In control animals, the same volume of intratracheal saline was instilled intratracheally. The animals were euthanized 6 h after instillation under deep anesthesia (pentobarbital 150 mg/kg iv), and BAL was done with 5 ml PBS with Table 1 
. Forward and reverse primers for real-time PCR analysis
Target Sequence
protease inhibitor (Halt, Pierce Biotechnology). BAL samples were analyzed by immunoblot.
Human Studies
Measurement of RAGE, MMP-3, and MMP-13 level in the pulmonary edema fluid.
To study the correlation between RAGE levels and MMP antigen levels, we measured the levels of MMP-3 and MMP-13 antigen in the pulmonary edema fluid in which we measured RAGE levels in our previous study (36) . Samples were selected randomly from a stored sample bank of pulmonary edema fluid from patients with ALI/ARDS and hydrostatic pulmonary edema. Eligibility for inclusion in the study was based solely on availability of an adequate stored volume of edema fluid for measurement of RAGE, MMP-3, and MMP-13 levels. Patients with ALI or ARDS were identified on the basis of the American European Consensus Conference definitions (1). Patients with hydrostatic pulmonary edema were identified as previously described (39) . Undiluted pulmonary edema fluid were collected as previously described (39) . This study was approved by the UCSF Committee on Human Research. The concentrations of RAGE, MMP-3, and MMP-13 antigen were measured in duplicate by commercially available ELISA kits (R&D Systems).
Data Analysis
Continuous variables were compared by Student's t-test or by analysis of variance with Scheffé's test for multiple comparisons. All data are reported as means Ϯ SD, and statistical significance was defined as P Ͻ 0.05.
RESULTS
RAGE Expression on Cultured Rat Alveolar Epithelial Cells
To verify RAGE expression on cultured rat alveolar epithelial cells, cells cultured on Transwell membranes were stained with anti-RAGE antibody (AF1179) and anti-SP-D antibody (as a marker of type II alveolar epithelial cell phenotype) on days 3 and 7. On day 3 of culture, most (81%) of the cells expressed SP-D, reflecting that the cells had a type II cell phenotype at the beginning of cell culture, and SP-D expression was maintained in a small fraction (16%) of the cells, covering 13% of the total surface area, by day 7 of culture ( Fig. 1) . RAGE expression was observed in the cellular junctions on day 3 ( Fig.  1 ) and was augmented especially in the SP-D-negative cells by day 7 (Fig. 1) . 
Release of Soluble RAGE by LPS Challenge
To study the mechanism for release of soluble RAGE into the alveolar space in this in vitro model, we stimulated the cultured rat alveolar epithelial cells with LPS and measured RAGE levels in the media by immunoblot and ELISA (Figs. 2 and 3). As shown in Fig. 2 , the results from ELISA matched the results from immunoblot analysis using AF1179. In the medium of the cells treated with LPS in the serum-free conditions, the quantity of RAGE released from cells was dose dependently higher than in the control cells (n ϭ 4, Fig. 2B ). Supplementation of 10% FBS facilitated the release of RAGE induced by LPS stimulation in lower concentration (Fig. 2C) .
When MMPI, an inhibitor of MMP-1, -2, -3, -7, and -13, was added to the medium, the quantity of RAGE released by LPS stimulation was dose dependently decreased (Fig. 3A) . TAPI-0 (1 M), an inhibitor of MMP-1, -3, -9, and -13, also significantly decreased the release of RAGE caused by LPS stimulation (data not shown). Then we studied the protein expression of MMP-1, -3, and -13 because these MMPs were inhibited by both MMPI and TAPI-0. Immunocytochemical study demonstrated that both MMP-3 ( Fig. 4C ) and MMP-13 ( Fig. 4D) were expressed in the cultured alveolar epithelial cells, whereas MMP-1 expression was negative (Fig. 4B) . LPS stimulation loosened the cellular attachment and weakened the RAGE expression, and we found that MMP-3 and -13 were coexpressed with RAGE in alveolar epithelial cells under LPS challenge (Fig. 4, C and D) . With inhibition of protease activity by MMPI, RAGE expression was maintained and coexpression of RAGE with MMP-3 and MMP-13 was more obviously demonstrated (Fig. 4, C and D) . Interestingly, both MMP-3 and -13 were expressed mainly in the nuclei under control conditions, and LPS augmented extranuclear expression of these MMPs. To study RAGE expression on the cellular surface of cultured alveolar epithelial cells, we stained RAGE on the cells without membrane permeabilization. Again RAGE expression Fig. 3 . Effect of protease inhibitors on RAGE release from the cultured rat alveolar epithelial cells stimulated by LPS (500 g/ml). Each figure demonstrates the quantity of RAGE released into the media calculated from the RAGE concentration analyzed by ELISA. When matrix metalloproteinase (MMP) inhibitor-1 (MMPI, inhibitor of MMP-1, -2, -3, -7, -13; A) or CL82198 (a selective MMP-13 inhibitor; B) was added to the medium, release of RAGE under LPS stimulation was dose dependently decreased (n ϭ 4 in each preparation, *P Ͻ 0.05 vs. LPS 500 g/ml without MMP inhibitors). Maximum effect was observed at 20 M for MMPI and 6 M for CL82198. C: effect of serine protease inhibitor aprotinin (5-10 trypsin inhibitor units/ml) and cysteine protease inhibitor E-64 (50 M) on RAGE release induced by LPS treatment. Aprotinin significantly decreased the total amount of RAGE released from alveolar epithelial cells, whereas E-64 did not show significant effect (n ϭ 4 in each preparation, *P Ͻ 0.05 vs. LPS). was loosened by LPS, and MMPI partially inhibited this reaction (Fig. 5) . In culture media, LPS stimulation increased the level of pro-MMP-3 (Fig. 6A) , and active form of MMP-13 (Fig. 6B) . Furthermore, to study whether LPS challenge induced MMP-3, MMP-13, and RAGE expression in cultured alveolar epithelial cells, we measured the level of transcript in the cultured alveolar epithelial cells under LPS challenge. The results of real-time PCR demonstrated that LPS challenge (100 g/ml for 4 h) resulted in the increase in the transcript of MMP-3 and -13 (Fig. 6, C and D) . On the other hand, the abundance of RAGE transcript was not changed by LPS stimulation, and both MMPI and CL82198 had no effect on the abundance of RAGE transcript (Fig. 6E) .
To confirm the role of MMP-13 as a mechanism for release of RAGE, CL82198, a selective MMP-13 inhibitor, was added to the medium and CL82198 dose dependently decreased the quantity of RAGE released into the medium under LPS stimulation (Fig. 3B) . We also studied two different classes of protease inhibitors: aprotinin (5-10 trypsin inhibitor units/ ml) as a serine protease inhibitor and E-64 (50 M) as a cysteine protease inhibitor. As shown in Fig. 3C , aprotinin partially inhibited RAGE release from LPS-stimulated cells, whereas E-64 had no significant effect for RAGE release induced by LPS.
To verify whether proteolysis induced by MMP-3 or MMP-13 results in the expression of soluble RAGE in BAL, these MMPs were instilled into the rat lung in situ. Results of immunoblot for BAL demonstrated that soluble RAGE was expressed in the BAL from the rat lung treated with MMP-3 or MMP-13, but not in the BAL from the rat lung treated with MMP-3 antagonized by MMPI or MMP-13 antagonized by CL82198 (Fig. 7, A and B) . We also studied the effect of MMP inhibitors on the RAGE release into alveolar space in the LPS-induced lung injury model. RAGE level in the BAL was decreased by the MMPI and CL82198 (Fig. 7, C and D) , which suggested that RAGE release into the BAL was dependent on the MMP-mediated reactions in LPS-induced lung injury model.
Correlation Between the Level of RAGE and MMP Antigen in the Alveolar Edema Fluid From Patients With ARDS or Hydrostatic Pulmonary Edema
We measured 21 samples from patients with pulmonary edema in our previous study (36) . RAGE levels in the alveolar edema fluid were significantly correlated with the level of MMP-3 antigen (R ϭ 0.567, P Ͻ 0.01) and the level of MMP-13 antigen (R ϭ 0.485, P Ͻ 0.05) (Fig. 8) .
DISCUSSION
The main results of these studies can be summarized as follows. Cultured alveolar epithelial cells expressed RAGE on day 7 of culture, and LPS stimulation induced release of soluble RAGE into the media by MMP-dependent mechanisms. Expression of MMP-3 and -13 in alveolar epithelial cells was augmented by LPS. Proteolysis by MMP-3, as well as MMP-13, resulted in soluble RAGE expression in the BAL in the in situ rat lung, and this reaction was inhibited by MMP inhibitors. In human studies, both MMP-3 and -13 antigen level was significantly correlated with the level of RAGE in pulmonary edema fluid samples.
RAGE Expressed in the Rat Alveolar Epithelial Cell Primary Culture Cells
Although number of studies supported RAGE expression in type I alveolar epithelial cells in the lung, there is uncertainty in the mechanism of RAGE release into the plasma and alveolar fluid in the status of lung injury. To study whether alveolar epithelial cells have potential to release RAGE by inflammatory stimuli, we used rat alveolar epithelial cell In each setting, cells were fixed with formalin and stained with anti-RAGE antibody (red) without permeabilization with Triton X, and nuclei were stained with DAPI (blue). Each result was obtained as a representative result from consecutive 4 preparations in each study condition. Fig. 6 . A: abundance of MMP-3 protein in the culture media. LPS stimulation (500 g/ml on the apical side for 6 h) increased the expression of pro-MMP-3 (ϳ55 kDa, arrow). Each result was obtained as a representative result from consecutive 4 preparations in each study condition. B: abundance of MMP-13 protein in the culture media. LPS stimulation (500 g/ml on the apical side for 6 h) increased the expression of active form of MMP-13 (ϳ48 kDa) whereas a weak pro-MMP-13 (ϳ60 kDa) band was observed in the control media. Each result was obtained as a representative result from consecutive 4 preparations in each study condition. C: abundance of MMP-3 transcript in the cultured alveolar epithelial cells. LPS stimulation (100 g/ml on the apical side for 4 h) resulted in increase in the abundance of MMP-3 transcript (n ϭ 6, *P Ͻ 0.05 vs. control). D: abundance of MMP-13 transcript in the cultured alveolar epithelial cells. LPS stimulation (100 g/ml on the apical side for 4 h) resulted in increase in the abundance of MMP-13 transcript (n ϭ 6, *P Ͻ 0.05 vs. control). E: abundance of RAGE transcript in the cultured alveolar epithelial cells. LPS stimulation (100 g/ml on the apical side for 4 h) with or without MMP inhibitors [MMPinhibitor 1 (MMPI, 200 M) or CL82198 (60 M)] resulted in no change in the abundance of RAGE transcript (n ϭ 6 in each preparation).
monolayers. As a first step, we studied RAGE expression on the cultured alveolar epithelial cell monolayer, because cultured alveolar epithelial cell is generally thought to have type II epithelial cell phenotype initially. In the present studies, cultured alveolar epithelial cells increased their expression of RAGE in both abundance and the pattern of expression over 7 days of culture (Fig. 1) . In the early phase of the culture, more than 80% of the cells had a type II cell phenotype and expressed RAGE only in the cellular junctions. However, RAGE expression was observed predominantly in the SP-Dnegative cells, which covered 87% of the surface area on day 7. These results were consistent with the previous study (8) , which demonstrated that human freshly isolated alveolar epithelial cells have the potential to express RAGE and expression and abundance are dependent on their transdifferentiation from type II to type I cell phenotype; type II-like cells have characteristics of weak or no expression of RAGE whereas type I-like cells have RAGE expression on the basal membrane. Considering these results, we confirmed that cultured alveolar epithelial cell monolayer on day 7 is an appropriate model for the study for the mechanism of RAGE release from type I-like alveolar epithelial cells.
LPS-Induced RAGE Release From Cultured Alveolar Epithelial Cells Into the Media
Previous animal experiments and human studies indicated that RAGE is detected in samples from the alveolar space and the plasma. There are two possible mechanisms explaining release of soluble RAGE into the blood or alveolar space: 1) increase in the splice variant mRNA for soluble isoform and 2) proteolytic shedding from membrane-bound isotype. For the splice variant theory, Yonekura and colleagues (46) demonstrated a splice variant of human RAGE mRNA for endogenous soluble RAGE. However, Hudson and colleagues (18) recently demonstrated that the transcriptional expression frequency of this splice variant in human lung mRNA library was 7%, whereas the prevalence of the full length RAGE mRNA was 80%. In support of the proteolysis theory, Hanford and colleagues (17) demonstrated that there was no splice variant responsible for soluble isoform of RAGE in mouse lung, and soluble RAGE was produced by carboxy terminal truncation. Recently, Raucci and colleagues (29) demonstrated that human plasma concentration of splice variant RAGE consisted of only 20% of the total soluble isoform and that the metalloproteinase 10 (ADAM10) promoted proteolytic cleavage of RAGE in HeLa cells and HEK293 cells transfected with full-length RAGE expression plasmids.
In the present study, LPS stimulation resulted in release of RAGE from cultured rat alveolar epithelial cells into the media (Figs. 2 and 3 ) and in the in vivo LPS-induced lung injury model. The results demonstrated several lines of evidence that support the hypothesis that proteolysis caused by MMP-3 and -13 contributed to soluble RAGE release into the media. First, both MMP-3 and -13 transcripts were induced by LPS challenge, whereas RAGE transcript did not change in the same preparation. These results indicate induction of MMP-3 and -13 by the inflammatory stimuli (LPS) whereas transcription for RAGE was not changed by the LPS challenge. Secondly, the protein expression of MMP-3 and MMP-13 was documented in the cultured epithelial cells and LPS augmented the cytosolic expression of these proteases. In the culture media, LPS induced increase in the level of pro-MMP-3 and active MMP-13. Thirdly, a broad-spectrum MMP inhibitor and a MMP-13-specific inhibitors decreased the quantity of RAGE released into the media in the cultured cell model without affecting abundance in the RAGE transcript (Fig. 3, A and B , and 6E). Fourthly, proteolysis by MMP-3 or MMP-13 resulted in soluble RAGE expression in the BAL in the in situ rat lung. In this in situ rat lung model study, MMP-3 induced RAGE expression was inhibited by a broad-spectrum MMP inhibitor, and MMP-13 induced RAGE expression was inhibited by an MMP-13-specific inhibitor. Furthermore, LPS-induced RAGE expression in the BAL in vivo was also inhibited by these MMP inhibitors (Fig. 7, C and D) . Finally, both MMP-3 and -13 antigen levels were significantly correlated with the level of RAGE in the human pulmonary edema fluid samples (Fig.  8) , suggesting that soluble RAGE was released from injured alveolar epithelial cells by proteolytic reaction caused by proteases including MMP-3 and -13. The correlation with both hydrostatic and lung injury edema fluid is consistent with our prior studies that showed that there is proinflammatory activity in the edema fluid of patients with acute hydrostatic edema as well as lung injury edema (28) .
MMPs are a large family of proteolytic enzymes related with degeneration of extracellular matrix and tissue remodeling. MMP-13 belongs to the family of interstitial collagenases, and upregulation of this protease is related with diseased conditions with matrix degeneration, including osteoarthritis (22, 32) , rheumatoid arthritis (45) , and aortic aneurysm (44) . Although the contribution of MMP-13 to lung injury has not been studied yet, in an in vitro alveolar epithelial cell culture model, MMP-13 has the capacity to decrease cellular attachment of alveolar epithelial cells and induce a decrease in cytoskeleton stiffness (27) . Furthermore, MMP-3 is a member of the stromelysin family, and it is thought to be involved in diseases with extracellular matrix degradation. For lung injury, Warner and colleagues (41) demonstrated that MMP-3 activity was augmented in the BAL fluid from the lung injured by IgG immune complex, and MMP-3-deficient mice had less severely injured lung in the IgG immune complex induced lung injury (41) and in the macrophage inhibitory protein-2-induced injury model (25, 41) . Also, the presence of MMP-3 in the BAL from patients with ALI reflected disease severity and higher mortality in patients with ALI (12) , and MMP-3 levels in the BAL from neonates with bronchopulmonary dysplasia (BPD) was significantly higher than from neonates without BPD (38) . Because MMP-3 also activates MMP-13 in a concentrationdependent manner (21) , these MMPs might synergistically degrade extracellular matrix in the injured lung. Because fulllength membrane-bound RAGE is expressed on the basal side of type I alveolar epithelial cells (11, 33) , soluble RAGE might be shed from alveolar epithelial cells during the course of MMP-induced matrix degradation.
Interestingly, several studies recently demonstrated that a number of ligands for RAGE induced increased expression of MMP-3 and MMP-13 in some cell types (24, 43) . Considering that acute inflammatory responses could induce release of HMGB1 and S100A12 into alveolar spaces in the lung (37, 42) , there is a possibility that these inflammatory ligands stimulate the production of MMP-3 and MMP-13 in alveolar epithelial cells via membrane-bound RAGE. Even if this is not the case, MMP expression could be induced by some inflammatory mediators including IL-6 or TNF-␣ (21). Our new results from pulmonary edema fluid from patients demonstrated a significant correlation between the level of these MMPs and the levels of soluble RAGE, suggesting that acute inflammation upregulated production of these MMPs in the lung and resulted in increased cleavage of extracellular part of RAGE with matrix degradation. Because membrane-bound RAGE could participate in some inflammatory process by binding its ligands (31, 34) and soluble RAGE could inhibit those reactions as a decoy receptor, proteolytic release of soluble RAGE might participate in a negative feedback after excessive inflammation (4). However, confirmation of this hypothesis is beyond the scope of this study, and further study is needed to discuss contribution of RAGE-mediated inflammatory reaction in ALI.
There are some limitations to this study. In the in vivo setting, there are several sources of proteases during inflammation (e.g.. neutrophils, monocytes, and interstitial fibroblasts). Thus, in the intact lung, other proteases could be involved in proteolytic release of RAGE from alveolar epithelial cells. As shown in Fig. 3C , LPS-induced release of RAGE from in vitro cell monolayers was partially inhibited by aprotinin, which suggested contribution of serine proteases to the release of RAGE from alveolar epithelial cells. In this sense, the present study demonstrated that both MMP-3 and MMP-13 were key proteases in the release of RAGE from alveolar epithelial cells; however, there is a possibility that these MMPs are members of protease cascades that induce release of RAGE. Secondly, the expression of RAGE and MMPs could be regulated by the surrounding matrix and cells other than epithelial cells. Furthermore, as we demonstrated that supplementation of serum modified the sensitivity to LPS stimulation (Fig. 2C) , some humoral factors might modify the reaction of alveolar epithelial cells. In this sense, the present study demonstrates the response of alveolar epithelial cells alone to LPS challenge, whereas alveolar epithelial cells in vivo could be regulated by additional stimuli or humoral factors from circulating blood or surrounding structures.
In conclusion, our study confirms the expression and release of RAGE in cultured alveolar epithelial type-I like cells and supports the hypothesis that RAGE can be a biomarker of alveolar epithelial injury, an observation that has been supported by several clinical studies (5, 6 ) and a recent experimental study (35) . In addition, these in vitro and in situ lung studies and measurements in human pulmonary edema fluid indicate that RAGE released from alveolar epithelial cells in the presence of acute inflammation may reflect proteolytic damage, in part by MMP-3 and MMP-13.
